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ABSTRACT

Outdoor wood boilers (OWBs) are detached wood-fueitls that heat water used for
domestic consumption and heating. The increassegofl OWBs has prompted regulatory
concern because of escalating public complainesv field studies of OWB ambient emissions
have been conducted, limiting efforts to assessainiquality problem. A screening level
evaluation was conducted to characterize ambieatgarticle (PMs) levels nearby an OWB
device and to overview operating and design fadtascould influence P4 levels. High
hourly (186 pg/m4.3 hr mean) and peak continuousf2Moncentrations were found within 50-
150 ft of an OWB relative to background levels tighout the course of nearly routine operating
conditions. Values were highest during air intakiin 1 hr of fuel loading compared to air-
starved 22-24 hrs after loading. OWB features tbatd affect PM;s levels include exemption
from federal wood stove standards, poor combustemign, large firebox capacity, trash burning
use, low stack height, and four-season utility view of cardiac and respiratory health risks
associated with transient exposure to ambieni £ levels well below those reported here, this
pilot study contributes to the risk assessmend fogl identifying an emerging problem of

potential public health significance.

Indexing terms: air pollution, PM, public health, outdoor wood boiler, residentiaios

combustion, wood smoke exposure
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INTRODUCTION

The use of wood as an alternative to conventiooalastic heating fuels is popular in the
U.S. and other countries with cold climates, esgcduring years when fossil fuel availability
is uncertain and costs increase relative to renefabls (Larson and Koenig 1994; Lipfert and
Dungan 1983; Molnaet al. 2005; Sextoret al. 1984). In recent years, outdoor wood boiler
(OWB) sales have occurred in nearly every statherlJ.S. Their manufacture and use is
increasing, especially in the Midwest, Northeast] Blid-Atlantic regions. Sales in New York
State have tripled since 1999, with over 7,000 OW®&d from 1999 to 2004. During this time
period an estimated 77,500 units have been soldméte (Schreibeet al. 2005). OWBs are
freestanding devices comprised of a firebox anaaservoir, and are detached from living
spaces. They have simple fuel requirements andesigned to provide long burns with
minimal tending in oxygen-starved combustion candg. Heated water is piped to a nearby
residence for year-round domestic consumption,elsas to heat living spaces (see Figure 1).

Wood burning in populated areas has long raisetigphbéalth concerns because of
health risks associated with inhalation of wood bastion emissions. Wood smoke is
comprised of numerous constituents, including vielairganic compounds (VOC), gas-phase
and particle-phase polycyclic aromatic hydrocarb@#sH), carbon monoxide, and fine particles
2.5 microns or less in diameter (PYI(Kozinski and Saade 1998; Oagtral. 1999; USEPA
1993). Numerous studies have found that exposuiigetconcentrations and durations of wood
smoke associated with residential wood burningedyl to cause a variety of adverse respiratory
effects. These include increases in respiratomypsgms, decreases in lung function, visits to
emergency departments, and hospitalization (Koetragy 1993; Naeheet al. 2005; Piersomt

al. 1989; Zelikoffet al. 2002).
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Exposure to fine particles may play a large rolebserved health outcomes connected to
wood smoke. Because of its physical structure; £8dn bypass conductive airways and deliver
exogenous materials, such as reactive organic cladsrthat adsorb onto the particle core, into
the deep lung. Particulate matter from residemt@d combustion is largely comprised of
submicron particles with average mass diametersrgéy between 0.1 and Oun (Hueglinet
al. 1997; Kleemart al. 1999; Purvis and McCrillis 2000; Rau 1989). Sasdbf PM in urban
areas have found associations of short- (daily)lang-term (annual and multiyear) exposure to
airborne PM as well as PMwith cardiopulmonary health outcomes. These &faxlude
increased symptoms, hospital admissions and emgrgeom visits, and premature death (Pope
et al. 2004). A review of daily 24-hr exposure to PMsindy areas where residential wood
combustion was considered a major ambient PM saioneluded there was no reason to think
that adverse health impacts of acute wood smokesexp would be less than those found in
areas dominated by other PM sources (Boetah 2003).

Very short-term transient (minutes to hours)RMlevations are also of concern.

Studies have found associations between 1-12 lusexps to PMs or PMyp and acute
cardiovascular and respiratory events, includingoaydial infarction in older adults and asthma
symptoms in children (Adamkiewiat al. 2004; Delfinoet al. 1998, 2002; Goldt al. 2000;
Hennebergeet al. 2005; Maret al. 2005; Morgaret al. 1998; Peterst al. 2001). In addition,
population subgroups identified as susceptiblestith effects as a result of acute and chronic
PM, s exposure comprise a large percentage of the ggrmpalation (upwards of 50%),
including children, asthmatics, persons with respity or heart disease, diabetics, and the

elderly (Johnson and Graham 2005).
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Despite the known health risks of PM exposuredesgial wood combustion is one of
the largest sources of BMemissions to the atmosphere in North America (Eirat. 2002).
Studies in urban and rural locales and regions fawed wintertime residential wood
combustion emissions can contribute significardlamnd even consist of the majority of ambient
concentrations of Phk as well as VOCs (Finet al. 2001; Maykutet al. 2003; McDonalckt al.
2000; Polissaet al. 2001; Schauer and Cass 2000). Woodstove emissemndominate ambient
air levels in areas subject to air stagnation,textan valleys, or which have a high percentage of
wood burning households (McGowainal. 2002; Sextoret al. 1984). During an inversion, even
a small number of woodstoves can affect a largaitma of a community by polluting the local
airshed with combustion emissions.

Particles in wood smoke emitted from chimneys Haaen found to be a major source of
indoor particles and accordingly a source of exposoiresidents, even in homes without
woodstoves (Anuszewski al. 1998; Larsoret al. 2004). This is attributed to the ability of
outdoor PM s to infiltrate residential structures, remain suspe indoors, and contribute
significantly to indoor particle levels as a resaflnormal air exchange. Studies have found that
indoor fine particles are comprised from about egrage of 20% to 80% of outdoor fine
particles, depending on climate, building charasties, and other factors (Akt al. 2000; Allen
et al. 2003; Dockery and Spengler 1981; Magl. 2005). Because most people spend up to
90% of their time indoors, individuals receive dstantial fraction of their exposure to outdoor-
generated particles while they are indoors. Restewlies suggest that the ambient-generated
component of PMs exposure is associated with measures of advegdth lmtcomes, more so

than indoor-generated RMlcomponents (Ebedt al. 2005; Koeniget al. 2005).
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Although residential wood burning emissions can pose a substantial fraction of
indoor PM 5, the majority of U.S. wood stoves in current usgevmanufactured without
consideration of particulate emissions controlblfthealth concerns prompted the U.S.
Environmental Protection Agency (EPA) to promulgaggulations requiring residential wood
heaters manufactured on or after July 1, 1990¢lok & retail on or after July 1, 1992, to
produce clean-burning stoves with efficient comtmustiesigns or pollution control devices to
reduce PM emissions. Indoor woodstoves manufattfomier to 1990 contained inadequate
combustion design or lacked emissions controlsA B&s estimated that certified (post-1990)
woodstoves generate from 70-90% less PM than p@&-hen-certified or conventional models
(USEPA 1988, 1990, 1998a). Since 1992, howeveh I3 certified about 20-30% of all
woodstoves and fireplace inserts for low PM emissjguggesting a 2% annual change-out rate
of pre-EPA-certified woodstoves (Broderick and Ho@005). This indicates that upwards of
80% of the current woodstove fleet was manufactwigtout efficient combustion designs or
pollution control devices required since 1990.

During the past two decades, woodstove and fireglagert ownership in the U.S. has
been static, numbering about 14-17 million applemicAbout 12 million of these appliances are
used for either primary (~20%) or supplemental (~86&@ating, suggesting the capacity for
substantial increases in wood burning should maneeos move to primary use (Broderick and
Houck 2005). New England has the highest per @apitodstove ownership in the U.S., and the
Northeast Census Region (New England, New Jersew, York, and Pennsylvania) consumes
over twice the number total cords of wood in woouss per year than the Midwest, South, or

West (Houcket al. 2001).
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The increasing use of outdoor wood boilers coutdlér ongoing regulatory efforts to
reduce residential wood combustion emissions. ERAtrent wood stove PM emissions
standards exclude OWBs, which can be manufactuidut efficient combustion design or
emissions control systems. To date, limited emissiesting suggests that OWB PM emissions
are higher than pre-certified indoor woodstoves ufectured before 1990; emissions are also
higher than EPA-certified woodstoves manufacturfeer 4990 (USEPA 1998a; Schreiletral.
2005). OWB use has led to a growing number ofjaality complaints by residential neighbors,
prompting local government and state regulatommditbn (e.g., Colburn 2004; CTDEP 2004;
Spitzer 2005; WIDPH 2005). Adequate regulatorypoese to this air quality problem requires a
better understanding of OWB emissions, especialbréas adjacent to these devices. This study
conducted a screening level evaluation to charaetambient PMs emissions nearby an OWB
device. The study also assessed operating anghdasitors unique to OWBs that could

influence PM5 levels.

METHODS

Exploratory field sampling in March 2005 was congaicin central New York State on
the residential property of an OWB owner. The OW was a Hardy Manufacturing
Company, Inc. H5-1-07 “Economy” model manufactuiretlovember 1998 (Hardy
Manufacturing Company 2005). The current ownecpased the unit in 2003. Stack height
from the ground was about 9 ft, fire chamber cagagas 22.6 fi, maximum capacity output
was 180,000 btu/hr, and water capacity was 13@ggll The OWB water thermostat was set at
91°C. An electronic combustion blower, or dampantmol, governed OWB air intake. The

owner used the OWB to heat two household radiamtz@and to provide domestic hot water.
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Fuel usage during fieldwork monitoring was a mixgoéen oak logged November 1, 2004 (split
December 2004) and maple/cherry/other hardwoodsedsabout one year. All fuel wood was
stored “dry” under cover in an open-ended metgb@dy with minimal weathering occurring
along the wood pile periphery.

Screening level monitoring nearby the OWB attemptecharacterize P4 levels with
respect to time from last fuel loading and to dangmen (oxygen rich) and damper closed
(oxygen starved) boiler operating modes. Highiyetiresolved Pl¥s monitoring was conducted
in order to capture the variability of concentratlevels influenced by these two dynamic
parameters. This required the use of a continlighscattering device because of its suitability
as an indicator of short-term variations in Pjvhass concentrations and particle size (Cbow
al. 2002). The Thermo MIE DataRAM 4 (Model DR 400 saselected for its ability to
provide real time ambient P\ mass concentration measurements and for its faleora
performance under rigorous environmental conditid@isermo Electron Corporation 2005).

The DataRAM 4 (DR) is a portable two-wavelengthQ@®d 880 nm) nephelometric
monitor that employs light scattering with activesampling (1-3 L/min). The magnitude of the
detected light scatter at either of the two wavglles is directly proportional to the amount of
particles passing through the device’s sensingpregBased on the ratio of the responses at the
two different wavelength signals, the volume medgarticle aerodynamic diameter is
determined (0.04 to 4,0m range), which is used to compute the mass coratimt (0.1ug/m"
to 400,000ug/m® range). The instrument can measure;PM combination with an inertial
coarse-particle precollector (e.g., impactor) tieatoves the particle population typically larger
than an aerodynamic diameter of gr. The test dust used for the factory calibratbthe

instrument is SAE Fine (ISO Fine) with a mass medierodynamic particle diameter of 2 to 3
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um, a geometric standard deviation of lognormal dig&ribution of 2.5, a bulk density of 2.60
to 2.65 g/cm, and a refractive index: 1.54. Regarding the iptesinfluence of relative humidity
on light scattering measurements, the DR autoctsrfec airborne patrticles likely to grow by
accretion of water. This typically occurs at ambieslative humidity above 65 to 70% and is
generally negligible up to about 50%. The instratr@n function in an operating environment
of -10 to 50 °C and 10 to 95% relative humidity €fimo Electron Corporation 2005).

In-field monitoring near the Hardy OWB was conddcts two separate late
afternoon/early evening periods for a total elapgsed of 4.3 hrs using a time average
concentration log period of 15 seconds. Backgraymsind PM s data were collected before
commencing sampling on each day. The DR had kesmntly factory calibrated and was
zeroed just prior to sampling on each field day-siie AC power was used to run the
instrument continuously throughout sampling; the &S acclimated to outdoor temperatures
before operating. An assembly in-line impactorchBdk s cut point and omnidirectional
sampling inlet precipitation shield were used tmgke particles representatively. The DR’s
internal temperature and relative humidity senssesd to record these environmental variables
have measurement ranges of -15 to 60 °C (accur&cyq) and 0 to 100% (accuracy 2%),
respectively. Precipitation, wind speed, and wdirdction (of the OWB plume) were observed.

Fine particle measurements were recorded duringyneautine OWB operating
conditions relating to fuel loading and oxygen dathparameters on two days. Sampling was
conducted within 22-24 hrs after fuel loading (dagnd day 2) and from 0-1 hr after fuel
loading (day 2). The OWB unit controlled dampeemnfelosed modes, which household demand
regulated at a pre-selected water thermostat texyer(91°C). Manipulation of the oxygen

supply parameter was limited to sampling in the Eternoon when the unit was transitioning
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from low to moderate/high usage and to occasiorsadual damper override by means of cutting
the damper’s electricity source.

The influence of fine particle sources during sanpin the vicinity of OWB unit was
minimal. The unit was located in a rural area esadential site about 200 ft west of a county
road with periodic traffic traveling at relativetpnstant speeds in excess of 45 mph. The unit
was about 60 feet from the owner’s residence. hmeesterly transect away from the OWB,
house, and road was selected to maximize sampiireggatlong an unobstructed line and
minimize the contribution of local PM sources. The transect avoided direct obstructions
adjacent to the OWB stack, including an open-erwdedort used for wood storage
perpendicular to the unit with a peak height oftL0The line followed the contour of a field
rising slightly upslope of the OWB toward woodspab5 vertical ft higher than the base of the
OWB at the 150 ft horizontal distance. The sangpiimet attached to the DR was about 3 ft
above ground in an upright position. Samplingatises along the transect were pre-measured at
50-, 100-, 130-, and 150-ft intervals to simula¢@amsite residential locations. The nearest actual
neighbors were several hundred feet north and swiutre OWB. No neighbors were located

west or east of the unit.

RESULTS

Screening level continuous ambient P\honitoring nearby the Hardy OWB attempted
to characterize particulate levels relating to teimece last fuel loading and to damper open
(oxygen rich) and damper closed (oxygen starvedjaimg mode. Table 1 summarizes sample
size results for these parameters. A total of4 B-second sampling intervals (258 minutes or

4.3 hrs) were recorded during two late afternoah/eavening periods overlapping a customary
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diurnal period of domestic hot water demand (da}6100-16:50; day 2, 14:55-18:30). Seventy-
six percent of the Plk monitoring data (197 minutes) were collected witk2-24 hrs after the
OWB appliance had been last loaded with one whemiwaof wood previous to day 1 and day 2
sampling. The remaining 24% of the data (61 misiuteere collected within 0-1 hr after the
appliance had been loaded with one-half wheelbaloaw of wood on day 2 sampling. Sixty
percent of the sampling intervals (154 minutesuo®d when the OWB was drawing air
(damper open) and 40% (104 minutes) occurred wie®WB was not drawing air (damper
closed). Thirty-two percent of the samples weperded at 150 feet; 20%, 36%, and 12% were
recorded at 130, 100, and 50 feet, respectivelyting monitoring, temperature ranged from 1.7
to 15.1 °C and relative humidity ranged from 2&5%. Wind speed and direction with respect
to the OWB plume were visually observed to be caémable with periodic light southerly,
easterly, and northerly winds. Light snow and @asiof no precipitation were intermittent.

Table 2 presents 15-second average Pdércentile and mean values within 50-150 feet
of the OWB during sampling periods 22-24 hrs aridi@-since last wood loading. Table 3
presents PMs values aggregated by time since last wood loadirdifferent distances within
50-150 feet from the OWB. Both tables provide datating to damper open, damper closed,
and aggregated damper operating modes.

As shown in Table 2, the P\ median for the entire 258-minute sampling peri@s &8
ng/nt, with a mean value of 186 pginduring which the damper was open about 154 ménute
(mean value 235 pgfnand closed about 104 minutes (mean value 1133yg/fmese values
were high relative to background levels collectpad/ind of the OWB during each day’s

sampling (<20 pg/f). Damper open/closed sampling intervals werdyfansistent for
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purposes of comparison, with 60% of the sampleecteld while the damper was open and 40%
while closed.

Table 2 also provides findings with respect to tsimeee last fuel loading, although the
sampling intervals were less consistent. Severtpercent of the samples were collected 22-24
hrs after loading and 24% were collected withirr bloading. Mean recorded RBMlvalues
were high relative to background during both danggman (oxygen rich) and closed modes
(oxygen starved) at both 22-24 hrs (115 (fgggregated) and 0-1 hr (416 pdaggregated)
since last fuel loading. The higher levels obsgmvéhin 0-1 hrs from fuel loading were
influenced by differences between damper open gallmmper open concentrations 0-1 hr
since last fuel loading were substantially higtemtdamper open concentrations 22-24 hrs since
last loading (838 vs. 118 pglimwhereas damper closed concentrations were sifdia vs.

110 pg/ni). Across both damper modes and times from loadififjpercentile and maximum
values were high relative to background, althougixima O-1 hr from loading were
substantially higher than 22-24 hrs maxima. A pEaisecond value of 8,880 pg/mas
observed.

Table 3 shows recorded BMdata ranges at four sampling distances locatedeast 50-
150 feet from the OWB unit. Mean values during ganclosed modes were generally similar
across distances 100-150 feet, and lowest at 30rter the OWB. Damper open mode values
tended to increase as the monitor was placed dosbke OWB. All percentile metrics were
highest at the 50 feet sampling location when @ragkr was opened. Within each sampling
distance and damper mode category, fine particldmaawere substantially higher relative to
mean values. Because sampling intervals at vagistgnces were not uniform, it is difficult to

draw meaningful comparisons across distances amgelamodes.
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Figures 2 and 3 present two time-series samplinigge selected from the larger dataset.
The figures illustrate how dynamic operating coioedis and wind direction in relation to plume
movement influenced measured concentration lev&ssummarized in Table 4, the time series
plot in Figure 2 shows 15-second average; Pilues about 24 hrs after the unit was loaded
with one wheelbarrow of wood fuel per day (on tvemsecutive days). Figure 3 shows 2M
time-series values recorded during and up to abdwtafter the unit was loaded with one-half
wheelbarrow of wood fuel (about 24 hrs after thi bad previously been loaded with a full
wheelbarrow of wood the day before).

In both figures, visual field observations takeminigi monitoring indicate that as the DR
instrument varies from being directly downwind tat directly downwind of the OWB plume,
recorded PMs concentrations changed. High Pdalues relative to background were found
when the plume was observed blowing over the mgnitith noticeable drops in concentration
as the plume was observed moving away from the#éarand emissions dispersed, explaining
much of the peak and trough appearance of the ddomitored values upwards of 1,000 pd/m
occurred at 130 ft from the OWB even though thédbdiad been fuel-starved for nearly one
day. Within 1 hr of fuel loading, values upward$®00 pg/mwere recorded at 100 ft, where

a peak 15-second average of 6,717 [gias monitored.

DISCUSSION

This screening level evaluation characterized, PMvels nearby an OWB device under
different operating conditions. The study foundtttransient fine particle emissions (1-4 hr
averages) were high relative to background levRBisal time concentrations varied according to

damper open (oxygen rich) and closed (oxygen stimwedes, time since last fuel loading,
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monitor distance from the OWB, and location of ntonwith respect to the center of the plume.
Overall, the mean P4 level during the entire 4.3 hr study period wa8 fi§/ni. When the
OWB was drawing oxygen (damper open), the mearevacorded was 235 pgi2.6 hr)
versus 113 pg/fi(1.7 hr) during oxygen starved (damper closedplitmms. Within 0-1 hr after
fuel loading, the study P mean was 416 pugfhl hr); within 22-24 hr after fuel loading, the
mean was 115 pgfhg3.3 hr). High 15-second average maxima wererobgaegardless of
damper mode status, fuel loading time, and momigpdistance. Plume movement over and
away from the monitor was an important variableetihg fine particle concentration levels.
These findings raise public health concerns becaiigeute respiratory and cardiac
events associated with transient exposures tgsRilevels well below those reported in this
study. For example, in a semirural area of souti@alifornia, Delfinoet al. found same-day
associations between 1-hr and 8-hr maximumf&tels and children’s asthma episodes, noting
that most pollutant effects were largely drivencoycentrations in the upper quintile. Mean
(standard deviation) 1-hr and 8-hr maximumigWalues were 38(15) pgfrand 28(12) pg/f
respectively (Delfineet al. 2002). Recently, in Seattle Matral. reported associations between
hourly exposures to PM and the fractional concentration of nitric oxidenfarker of airway
inflammation and injury) measured in exhaled bredtbhildren with asthma. One-hour
averaged concentrations ranged from 8.3 igt3-hr lag to 15.2 at 8-hr lag (Metral. 2005).
Regarding transient PM exposure and acute cardiac events, in the grBatton area
Peterset al. found that elevated concentrations of BMere associated with a transient risk of
acute myocardial infarction (MI) onset in a studypplation whose mean age was about 62
years. Associations were observed 1 hr and 2dfsdothe onset of symptoms. Even changes

from low to moderate ambient concentrations weseeiated with an increased risk of MIl. The
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mean (standard deviation) 1-hr level was 12.1@@T, with a 98" percentile value of 29.6
ng/nt (Peterset al. 2001). In the same city, Godtlal. reported alterations of autonomic
function through decreases of heart rate varigbaithin hours of exposure to PM Mean 4-hr
PM, s levels ranged from 3-49 pgirtGoldet al. 2000). Finally, in Sydney Australia Morgan
al. found that an increase in current day maximum fehnticulate concentration from the™®
the 90" percentile was associated with an increase of@zascular mortality. The study’s
mean PMs concentration was 21 pginwith 10" and 98' percentile values of 6.9 and 42.6
ng/nt (Morganet al. 1998).

In addition to emitting high transient fine paréidevels, outdoor wood boilers have other
attributes that make them a unique emissions s@mdgotential public health threat. Unlike
traditional wood combustion sources such as indamdstoves and fireplaces, OWBs are
controlled by an automatic damper that followshieat load of a residence. This results in
intermittent combustion cycles characterized bgrakltive high-temperature oxygen-rich burns
and low-temperature oxygen-starved burns. In génleoth burn cycles generate elevated,PM
levels. However, during smoldering conditions r@asing PMs mass concentration yields
condensable gas and organic condensation nuclaefBes and Petersson 1995; Johanstah
2003; Lightyet al. 2000). Primitive OWB combustion designs do natie these incomplete
combustion vapors, leaving them available for tivenfation of fine particles rich in relatively
high molecular weight organic compounds (Huegtial. 1997; McDonalcdt al. 2000).

The use of OWBs for trash burning heightens themal public health threat related to
these devices. Sizeable firebox capacity and leading door dimensions characteristic of
OWSBs facilitate the loading and burning of non-wanodterials such as household waste (e.qg.,

paper, plastic, and packaging). The combustidnash in devices that lack emissions control
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systems and in low temperature conditions creates&ble conditions for generating hazardous
air pollutants. Using OWBs to burn trash couldabalogous to the use of burn barrels and burn
piles, which many states and local governments baweed because a variety of pollutants are
emitted, including acidic gases, heavy metals,dioxin. Inhaling these substances may cause
health problems including eye and throat irritatispiratory problems, and an increased risk of
cancer. EPA burn barrel test burns found that €onsevels of dioxin, VOCs, and PAHs were
significantly higher than those of a full-scale nuipal solid waste combustor, or incinerator,
with control technology (USEPA 1998b).

Finally, in contrast to indoor woodstove stackd #wend through the roof of a home to
heights of 20 to 30 ft, OWBs are supplied with $tstacks typically 8 to 10 ft high from the
ground. The low chimney height of these devicéstive to downwind nearby residences
creates the opportunity for poor dispersion coadgi including an increased likelihood of
worst-case exposure scenarios such as fumigatemgsingement. The possible impact on
nearby residences is exacerbated because OWB®ageb to supply hot water every day, all
year — not just during wintertime.

This screening level OWB field monitoring could kawenefited from a more consistent
set of sampling periods across distance and tineesuel loading parameters. This was
constrained in part because the specific timin@WfB damper open/closed modes was
unpredictable and variable, as it was controllegdly by automatic boiler operating demands.
While allowing the OWB to operate in nearly routiitedd conditions enabled sampling to occur
across nearly standard fuel load and oxygen demmaatks, it limited the ability to conduct

uniform sampling periods over the 4.3 hr study tinaene.
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Lack of wind measurement data also limited therpritation of PM s values across
different parameters, including damper open/closedes, time after fuel loading, and
monitoring distance. However, visual observatiohglume movement demonstrated the
importance influence that plume variability hadrenorded fine particle levels. Higher
concentrations likely could have been recordedrivgpeed and direction had carried the plume
over the monitor consistently during the sampliegqd, or if the study site had been
experiencing an inversion. Also, the possibilityecording higher monitored levels is not
unlikely because the study monitored an 180,00hbtDWB boiler “economy” model. OWB
boiler models range from about 100,000 to >500/8@8imum btu/hr output.

Because the transient Bllconcentrations measured by the DataRAM 4 nearl\&iB
in this study were high relative to background @nication, the application of a large correction
factor with gravimetric PM instrumentation (e.g0-500%) would not materially change the
overall findings. Sioutaet al.’s field assessment found good correlation betw2ataRAM and
gravimetric measurements of PMevels in real time (Sioutas al. 2000). The DataRAM-to-
gravimetric concentration ratio was 0.93 (x0.17J arP3 (x0.20) ratios for ambient or
concentrated Pk levels, respectively. Sampling times varied fréu hrs for 39
characterizations. Ambient and concentrated 4avhraged PMs levels ranged from 6.7 to
114.0 ug/mand from 180.5 to 340 pghnrespectively. The researchers also found that PM
chemical composition of urban particles did noeeffsignificantly the response of the
DataRAM. These results suggest the feasibilitysshg DataRAM measurements to
characterize Pk mass ambient levels recorded in this OWB studyyselmean fine particle

concentration was 186 pgfifor a 4.3 hr period.
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The U.S. Forest Service currently uses the DataRAM provide general trends of
ambient wildfire smoke Pl concentration in the western U.S., where 1-hrafthr running-
average gravimetric levels have been recordedghsas 500 and 284 ug/m3, respectively.
However, the agency recommends using a DataRAMection factor of 0.37 to 0.48 based on
tests finding high overestimations compared to ignatric sampling when sampling biomass
combustion aerosol (USDA 2001-2003). The applicatf these correction factors to study
findings would not materially change study resulEsen stringent correction factors would
result in high 1-4 hr averages relative to backgmlevels. Nonetheless, a more conservative
assessment of these data could interpret thgsbhcentrations as indicators of general trends
relating to monitoring distance from the OWB, boibperating modes, and time after fuel
loading.

In view of this exploratory study’s findings of igransient Pl¥ls emissions relative to
background, and because of design and operatihgr$aenique to outdoor wood boilers, this
research recommends exposure assessment studieantify the nature and magnitude of
potential exposure to OWB emissions. Exposureccbalinfluenced by where OWBs are
situated in relation to residential structuresywa$i as by the air exchange characteristics ofehes
structures. Exposure could also be influencedbygeography and meteorological conditions
of populated areas that contain OWB units.

Future studies could benefit from monitoring duriagger time periods that encompass
daily modulations in hot water demand, as well agkly or seasonal variations in use and fuel
demand. This would increase understanding of hetearological variability, including
changes in atmospheric stability, wind speed aretton, temperature, and relative humidity

could influence emissions levels experienced bgptwrs. Because the study found a sizeable
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difference in fine particle values between 0-1rut @2-24 hrs after fuel loading, characterization
of this PM, 5 gradient would be worthwhile to determine. Aduli@l consideration should be
given to monitoring OWB emissions generated from-ieal fuels should evidence point to the
burning of poorly seasoned wood or trash. Ambart OWB stack emissions testing of air
pollutants relevant to environmental exposuresgotdntial public health concerns should be
collected under real-world operating conditions.

Although this pilot study was not intended to qufgr24-hr or longer-term average
exposures (e.g., a complete heating season), starimiation would be useful to collect at
different OWB sites because of findings of higmsi@nt PM s concentrations relative to
background levels in proximity to an OWB under inatoperating conditions. EPA’s national
ambient air quality PMs standards are based on 24-hr (65 |igand annual means (15 pgjm
(USEPA 1997). These standards are currently umedezw for possible revision. The Clean Air
Scientific Advisory Committee has recently recomuhexha 24-hr standard no higher than 35
pg/n? and an annual standard no higher than 14 J@ASEPA 2005).

In conclusion, exploratory ambient monitoring 5@X6from an OWB unit operating
under nearly routine conditions found high contumsi®M s concentrations relative to
background levels during air intake and starvatimues within about 1 hr and 22-24 hrs after
fuel loading. OWB design and usage characteristipgesent a unique wood burning emissions
source because of inefficient and primitive comimunstlesign, exclusion from current EPA
wood stove emission standards, large firebox cpaonducive to trash burning, low ground-
level stacks favorable to poor emissions dispersad four-season utility. Consideration of
these factors suggests that the increasing us&B<in populated areas presents a potential

emerging air quality problem with public health i&oations. The finding of overall mean
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hourly PMy s values and peak values that are considerably htghe mean hourly and

maximum hourly levels reported in recent studiesashg acute cardiac and pulmonary adverse
health outcomes from inhalation of fine particlesds support to this concern. It also raises an
important but unresolved question of the potemtiagnitude and variability of population
exposure to ambient wood smoke, especially in ggaiuc areas such as river basins or valleys
prone to meteorological stagnation events thatwapd smoke. This screening level
monitoring study recommends future research thatidvoollect monitoring and exposure data

of sufficient quality to support the evaluationpaitential risks.
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Figure 1. Diagram of an outdoor wood boiler.

Figure 2. Real time field measurements of,R proximity to an outdoor wood boiler (OWB).
The DataRAM (DR) PMs monitor recorded 15-sec average values 130 ft frmemissions

source during damper open (oxygen rich) mode abélrs after fuel loading.

Figure 3. Real time field measurements of,B proximity to an outdoor wood boiler (OWB).
The DataRAM (DR) PMs monitor recorded 15-sec average values 100 ft frmemissions
source during damper open and closed (oxygen ridrstarved) modes during and immediately

after fuel loading.
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Figure 1.
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Figure 2.
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Figure 3.
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Table 1. Continuous PM sampling effort for time since last fuel loadirggregate damper

mode time, and aggregate monitoring distance time.

Parameter Pl sampling interval Minutes %

(15-sec avg)

Total sampling effort 1032 258.00 100

Number of hrs since OWB last

loaded with wood fuel

22-24 hrs 788 197.00 76

0-1 hr 244 61.00 24

OWB air intake mode

damper open, drawing air 617 154.00 60
damper closed, not drawing ajr 415 104.00 40
Monitoring instrument distance
from OWB

150 ft 336 84.00 32
130 ft 196 49.00 20
100 ft 373 93.25 36
50 ft 127 31.75 12

February 21, 2006 33



Johnson PRS In press — Journal of Human and Ecalogisk Assessment

Table 2. 15-second average Pi\percentile and mean values 22-24 hrs and 0-Inbedast fuel

loading recorded within 50-150 feet of OWB durireymper open and closed modes.

PM. 5 22-24 hr since last load 0-1 hr since last load 222nd 0-1 hr

15-sec combined

avg damper| damper, open | damper| damper, open | damper| damper, open

values open | closed| and open | closed| and open | closed| and

(ng/nt) closed closed closed

minimum 1 2 1 24 26 24 1 2 1

5 2 5 3 36 33 35 3 13 3

50" 63 45 53 177 58 62 70 53 58
mean 118 110 115 838 118 416 235 113 186
95" 400 412 4121 4,170 285| 2,241 807 377 665

maximum| 1,092/ 1,071 1,092| 8,880 3,328/ 8,880, 8,880| 8,880| 8,880

sampling 516 272 788 101 143 244 617 415| 1,032

intervals
(15-sec

avg)

minutes | 129.00 68.00| 197.00| 25.25| 35.75| 61.00| 154.25| 103.75| 258.00

% 50 26 76 10 14 24 60 40 100
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Table 3. 15-second average P\percentile and mean values recorded within 50, 180, and

150 feet of OWB during damper open and closed maatkén 22-24 and 0-1 hr since last wood

loading.
PMzs 15-| 150 ft 150 ft 130 ft 130 ft 100 ft 100 ft 50 ft 50 ft
sec avg damper damper damper| damper| damper damper| damper| damper
values open | closed | open closed | open closed | open closed
(Hg/nT)
minimum 17 16 1 2 24 19 44 27
5" 26 22 2 3 42 23 48 35
50" 88 45 5 7 98 53 121 57
mean 130 133 92 134 349 130 1101 58
95" 368 351 694 875 1518 476 4454 85
maximum 810 3328 1092 1025 6717 1071 8880 215
sampling 200 136 160 36 237 136 20 107
intervals
(15-sec
avg)
minutes 50.00 34.00f 40.00 9.00| 59.25| 34.00 5.00| 26.75
% 19 13 16 4 23 13 2 10
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Table 4. Elapsed time, meteorological, monitorengyy operating condition factors for selected

OWB sample periods.

Figure 1 Figure 2
Elapsed time (min) 25 20
Sampling intervals (15-sec avg) 100 80
Relative humidity (%) 28 49-51
Temperature (°C) 5.8-35 6.5-6.1
Wind speed, direction Calm/variable calm/variable, light
southerly
Precipitation intermittent light snow light snow
Monitoring instrument (DR) 130 100
distance from OWB (ft)
OWB air intake mode damper open  damper open/closed
Time from load, amount of fue ~24 hr during sample
1 wheelbarrow  one-half wheelbarrow
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